We present here a new approach to tandem cell design that offers near-optimum subcell bandgaps, as well as other special advantages related to cell fabrication, operation, and cost reduction. Monolithic, ultra-thin GaInP/GaAs/GaInAs triple-bandgap tandem solar cells use this new approach, which involves inverted epitaxial growth, handle mounting, and parent substrate removal. The optimal ~1-eV bottom subcell in the tandem affords an ~300 mV increase in the tandem voltage output when compared to conventional Ge-based, triple-junction tandem cells, leading to a potential relative performance improvement of 10-12% over the current state of the art. Recent performance results and advanced design options are discussed.
INTRODUCTION
High-efficiency, multi-bandgap photovoltaic (PV) energy conversion, based in epitaxial III-V compound semiconductor heterostructure tandem devices [1, 2] , is a proven third-generation PV technology. The technology has been used for several years to power satellites, and it is also very promising for an emerging terrestrial market involving utility-scale power generation by concentrator PV systems. In order to be cost effective, such concentrator systems will require the development of tandem solar cells with very high efficiencies (≥40%). We present here a new approach [3] to tandem cell design that offers nearoptimum subcell bandgaps, as well as other special advantages related to cell fabrication, operation, and cost reduction. Monolithic, ultra-thin GaInP/GaAs/GaInAs triplebandgap tandem solar cells use this new approach, which involves inverted epitaxial growth, handle mounting, and parent substrate removal. When a GaAs parent substrate is used, the lattice-matched GaInP (1.87 eV) top subcell and GaAs (1.42 eV) middle subcell are first grown. The inverted approach then allows monolithic integration of an optimal, compressively lattice-mismatched (LMM) ~1-eV GaInAs bottom subcell in the tandem structure by employing an intervening, transparent GaInP compositionally step-graded region between the GaAs middle subcell and the ~1-eV bottom subcell. The tandem cells are completed by affixing the structure on the bottom subcell side to a handle material of choice, removing the GaAs parent substrate, and applying electrical contacts and an anti-reflection coating. An ultra-thin, handlemounted tandem cell constitutes the final product. The ~1-eV bottom subcell in the tandem affords an ~300 mV increase in the tandem voltage output when compared to conventional Ge-based, triple-junction tandem cells, leading to a potential relative performance improvement of 10-12% over the current state of the art.
The above approach for tandem cells was first reported at the 31 st IEEE PVSC in January, 2005 [4] . In the present paper, we review the GaInP/GaAs/GaInAs triple-junction tandem cell concept, report results obtained since the 31 st IEEE PVSC, and briefly discuss advanced design possibilities using the base concept involving inverted growth and ultra-thin device processing.
TANDEM CELL CONCEPT
The overall structure for the GaInP/GaAs/GaInAs tandem cell is depicted in Fig. 1 , further illustrating other details of the device including tunnel junctions, contact layers, and etch-stop layers. Also indicated in the figure are the relative lattice mismatch and bandgap profiles for the structure. Figure 1 shows the as-grown structure, which must be mounted on a handle (secondary support substrate) and processed as an ultra-thin device as described previously. Note that a Ge substrate could easily be substituted for the GaAs substrate if the compositions of the top and middle subcells were adjusted to affect lattice matching (e.g., sufficient In could be added to both to increase their lattice constant). The structure has the advantage that the bottom subcell bandgap can be varied to allow optimization for different applications.
Although the new approach may seem to add complexity to tandem cell fabrication, it actually opens new doors for potential applications, improved designs, performance improvements, and significant cost reduction. For example, the handle material can be chosen to have a number of advantageous characteristics such as high strength, flexibility, low mass density, specific electrical and/or optical parameters, high thermal conductivity, and low cost. Also, the inverted structural approach results in an exposed back surface following growth where a backsurface reflector (BSR) is easily applied. The inclusion of a BSR can result in a number of benefits such as reduced growth time, improved radiation hardness in the bottom subcell, lower reverse-saturation current density in the bottom subcell, and reduced tandem cell operating temperature through rejection of sub-bandgap photons. Furthermore, significant reductions in the tandem cell cost can be realized by developing procedures to enable the reuse or reclamation of the parent substrate that is removed. Another option is to use impure parent substrate materials to reduce their initial cost. The above features make our new tandem cell approach potentially very attractive for high-performance, cost-effective space and concentrator systems.
We have performed realistic modeling calculations, based on a rigorous approach for series-connected tandem subcells [5] , to serve as a guide for the choice of the bottom subcell bandgap, and to predict potential performance. We assume that the bottom subcell quantum efficiency is 0.95 (spectrally independent) in the calculations. Also, the top and middle subcells are fixed to be GaInP (1.87 eV) and GaAs (1.42 eV), respectively. For space applications, we modeled for the AM0 spectrum at one sun, 25°C, and obtained an optimum bottom subcell bandgap of 1.02 eV, with a tandem conversion efficiency of ~33% (current state of the art is ~30%). At 10 suns concentration, the modeled AM0 efficiency increases to ~36%. For terrestrial concentrator applications, we modeled for the low-AOD direct spectrum at 250 suns, 25°C, giving an optimum bottom subcell bandgap of 1.01 eV, and a tandem conversion efficiency of ~42%. The results indicate that ultra-thin GaInP/GaAs/GaInAs tandem cells are capable of record-performance levels for triplebandgap cells.
EXPERIMENTAL PROCEDURES

The
GaInP/GaAs/GaInAs tandem structures discussed here were grown using atmospheric-pressure metalorganic vapor-phase epitaxy (APMOVPE) in a homebuilt system at NREL. Trimethylindium, triethylgallium, trimethylgallium, trimethylaluminum, arsine, and phosphine were used as the primary reactants, with hydrogen selenide, disilane, carbon tetrachloride, and diethylzinc used as the doping precursors. Growth on GaAs substrates was performed at temperatures ranging from 600 to 700°C in a purified hydrogen ambient.
The tandem cells were processed using standard techniques including photolithography, wet-chemical etching, electroplating, and electron-beam evaporation. Parent substrate removal was easily achieved using a combination of lapping and selective wet-chemical etching. Dual-layer anti-reflection coatings of ZnS/MgF2 were used. Handle mounting has been affected using Si wafers as handles, and epoxy to form the bond, although we are moving toward improved methods to increase the throughput and consistency of the process. Improved thermal conductivity is also a goal for handle-mounted tandems operated under concentration. We have also been successful using flexible kapton as a handle. The cells tested were designed for one-sun operation, but had sufficiently low resistance to allow peak performance at 4-10 suns concentration. Concentrator measurements were performed using a water-filtered Xe lamp source, a cell temperature of 25°C, and a concentration ratio based on one-sun data obtained from our X25 multi-source solar simulator.
PROPERTIES OF ~1-eV, LMM GaInAs SUBCELLS
The characteristics of the ~2.2% LMM bottom subcells are of particular interest due to the potential deleterious impact of crystalline defects in the active subcell layers. Cross-sectional transmission electron microscopic characterization of the transparent GaInP graded region and GaInAs/GaInP subcell layers shows that misfit and threading dislocation networks are present within the GaInP compositionally step-graded layers, but are not visible in the active subcell layers. The coherence between the top of the grade and the active layers is quite apparent. Plan-view cathodoluminescence images reveal active threading dislocations in the GaInAs layers, with an average areal density of 2x10 6 cm -2
. Typical device performance data for the 1-eV subcells show that the losses due to the dislocations are quite small. Internal quantum efficiency data range from 95 to 100% for photon energies ranging from the band edge (~1 eV) to the bandgap of GaAs (1.42 eV), respectively. Additionally, open-circuit voltages of 0.56-0.58 V are routinely observed for photocurrent densities of 15-20 mAcm -2 , which compares favorably with ~0.60 V that we obtain for LM, 1-eV GaInAsP/InP cells tested under similar photoexcitation.
TANDEM RESULTS AND DISCUSSION
A summary of the best performance results achieved so far for the GaInP/GaAs/GaInAs tandem cell under different spectral conditions is given in Table 1 [4, 6, 7] . The results are very encouraging considering the limited effort devoted to the work so far. Particularly noteworthy are the 26.5% AM0 efficiency for a cell on a flexible kapton handle, and the 37.9% terrestrial efficiency at a concentration of only 10.1 suns. Current (voltage) data for the 37.9%-efficient cell are shown in Fig. 2 . Table 1 . NREL-confirmed conversion efficiencies achieved for handle-mounted, ultra-thin GaInP/GaAs/GaInAs triplebandgap tandem solar cells under various operating conditions. Global spectrum, one sun, 25°C 31.1% Direct spectrum, 10.1 suns, 25°C 37.9% AM0 spectrum, one sun, 25°C
29.7% AM0 spectrum, one sun, 25°C (on kapton)
26.5% AM0 spectrum, 8.9 suns, 25*C 31.4%
Presently, our performance objective is to improve the GaInP/GaAs/GaInAs tandem cell efficiency to the practical limit, but with a minimum target terrestrial efficiency of 40% under moderate concentration (200-300 suns). The tandem cell yielding the 37.9% efficiency result at 10.1 suns was performance-limited by excessive series resistance, primarily in the tunnel junctions. With only a reduction in the series resistance allowing the cell to show peak performance at 200-300 suns, the 40% efficiency goal would be reached. We are currently investigating the factors involved in the inverted growth that are hampering the performance of the tunnel junctions. Recently, we have made progress in this regard, and have demonstrated improved tunnel junctions allowing the tandem cells to show peak performance at ~200 suns. Unfortunately, the blue response of the GaInP top subcell in the tandem was insufficient to yield an improved efficiency. Our efforts along these lines are ongoing. Other areas that hold promise for performance gains include improved anti-reflection coatings, reduced optical absorption in the tunnel junctions, improved GaInP top subcells through reduced non-radiative minority-carrier recombination (i.e., improved carrier confinement) and increased bandgap [8] , and improved lattice-mismatched GaInAs bottom subcells through a reduction of the defect density. We have already observed that GaInAs compositionally graded layers yield superior bottom subcells when compared to results using GaInP grades; the ~1-eV cells grown on GaInAs grades have open-circuit voltages that are typically 30-40 mV higher under one-sun illumination. Even though GaInAs grades are not useful (optically opaque) with the current structure, we are still investigating the reasons for the performance differences to help guide future design changes leading to improvements. Additionally, extensions of the concept to include subcells with lower bandgaps and modified designs are currently being pursued [9] to improve the performance even further.
RESEARCH ISSUES
A number of research issues remain in order to move the new tandem cell technology from laboratory-scale demonstrations to potential commercial production. A cost-effective, high-yield processing scheme for largearea, handle-mounted, ultra-thin tandem devices must be explored and developed. Coupled with this, a technology enabling the reuse of the parent substrate for multiple epitaxial growths would have a large impact in terms of cost mitigation. The effects of growing inverted structures also need to be studied (i.e., a recipe developed for an upright epistructure does not always yield a device that functions identically when grown in the reverse sequence). Accurate performance testing in the laboratory is also a difficult issue, particularly for series-connected tandem cells that have near-optimal subcell bandgaps. Testing under concentration adds an additional level of difficulty; a multi-source concentrator simulator may need to be developed. The tandem cell testing problem will only become more complicated as tandem cells with more than three bandgaps become available, as suggested below.
ADVANCED DESIGN OPTIONS
The new approach described above is not specific to triple-bandgap tandems, but can be generalized to apply to a wide range of possible parent substrates, number of subcells, subcell materials, transparent compositional grades, and handle materials, as outlined in a pending NREL patent [3] . The GaInP/GaAs/GaInAs triple-bandgap tandem is, in fact, one of the simplest embodiments of the approach. The basic scheme has three components: (1) A parent substrate, which is used purely as an epitaxial template. GaAs, Ge, Si, virtual substrates containing compositionally graded layers (e.g., SiGe on Si), and compliant substrates are some examples. (2) A first-grown series of lattice-matched subcells (possibly interconnected by transparent tunnel junctions, but a variety of subcell interconnection methods are possible) grown in order of decreasing bandgap. (3) A series of lattice-mismatched subcells grown subsequently in order of decreasing bandgap. Transparent compositional grades are the preferred method of accommodating the lattice mismatch. The basic scheme can easily be expanded beyond the GaAs-based, triple-bandgap design to tandems involving 4 to 6 subcells [3, 9] and less costly parent substrates. Such attributes of the new approach may prove very useful as the next generations of ultra-high-efficiency tandem solar cells are pursued.
CONCLUSION
We have described a new approach for ultra-highefficiency tandem solar cells based on inverted III-V heteroepitaxial epistructures that combine both LM and LMM component subcells in a monolithic structure. The tandem epistructures are fabricated into handle-mounted, ultra-thin devices, having many advantages, and which are capable of record-performance levels. In initial work, we have demonstrated ultra-thin GaInP/GaAs/GaInAs triple-bandgap tandem cells with exciting performances processed using both rigid and flexible handles. These results bode well for eventual space-power and terrestrialconcentrator applications of the new tandem cell technology.
